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Exchenges of genetio mat&vial between bsoterial cells Cen be 

ClRS8ified: into two main categories ( Lederberg, J., 19%). The first 

category is exemplified by the recombinatioual process found in 

‘8cherichiq && K-12 by T&m & Lederberg (19b7)...lhis form of geutic chUge 

illClllde8 R Q’llgaiC prOCe88, that 18, the Cou$uuction of large blo4js of 

genetic material, and there is evidence of linkage groupr, linearity Of 

genefis, and requirement for intact cell8 ( Lederberg, J., et al, 1951, -- 

Lederberg, J., 1954). 

Under the second PI;X main category are found the elcbawes 

whae oue of the pertiCipatiZ¶g Cell8 18 uOt found iu iRtRCt fom, but 

whose genetic materiel is preeented as a solution Or 8uspe~8ion of 

particle8 much smaller the& the cell. - This category i 

ha8 been given the gene& ,title of . trs&&tion (Ziider .and Lederberg, 1952, 
3. 

Lederberg,h 1954), and is readily subdividtid into two clasaer on the baais of 
sLlb sf -b-ttms~~ 

the vector of recombin+tioo. The firat,cla88~18 exmnplified by the pneumococdE 

transformation system,(Austrian, 1952). where the genetic &a,ngeg are 
P 

ro*i 
m/M - 

about by means of purified preparations of desoryribonu~leic acid In the A. * 
second subclass th’e gem&id change8 are medicated by bacterial vides or 

bacteriophages $ Under’ and Lederberg, 1952, uw 8 
. 

w. In contrast 
& * n bm$ 

f, ginatic trtisduction usually 

results in momfactorial &e&c change8, al though dual changes have been 

nqted ( Stocker, Zinder & Lederberg, 1953, Hotchkisrr, 1954). 
: ' L 
j The frequency of oacurrenue of there exch&ge $rocesser among the ! 

)varioue gehere of bacteria is not known. ienetic recombination of the g. call ’ 
, 4 
K-12 type has been observed in about 30 additional 8trainr of g. & of over * 

2000 examined (bderberg and $tum,’ 1953). ~exwduot~ v-e 
i6X3 %it I- * w 

pneumooocfS have been obrerved in %entouhilur influensaq 



( Alexander and Leidy, 1951), $eisseria menigitidie ( Alexander and 

Redman, 1952). and Escherichia'coli ( Boi , 1947). 'While strains Yin 

of 2. & are reported to show syngamy and transduction, SKXK&K 

Boivints culture has been lost and fYrther etudies with it are 

impOs8ible. Att&npta to transfer genetic material vis de8oxyribonucleic 
Ladcrbcr&,J ., \qYl 

acid preparations in & co11 K-12 have been uzmIce88fti. (,,Atq, 1951). 

In Salmonella, Zinder and Lederberg (1952)demonst~ted phage mediated 

transductions but failed to 8how the occurrence of 8yngami.c reaombina tii On. 

'&us, of the three forms of recombination considered, no one culture ha8 

previously been observed to exhibit more than one of the exohangs prOce88e8* 

It is the purpose of this the&s to describe s‘limited system of tra?MlUCtiOn 

in 2. m mediated by the lysogeniu phege of stra&n K-12, lambda. 'phe 

occurrence within the same 8&Rin of syngamic recombinaWn and of phage 

mediated tran8dUCtiOn promises to improve our tander&anding of both 



;. 

The principal culture8 used are lirted in table 1. In summery 

they represent mutation8 at three di8tinct looi which lesd to the 1888 

of ability to ferment galactose. Such mutations have been obtained by 

irradiating galectose positive culture8 00 an indioator medium, EhiB 

galactose agar. !JJhe different loci have been distinguishe intercroseinn 

the various stock8 and. finding gdactose positive recombinant8 in 

t3t73t8dn UFO88e8 (Lederberg, E. 1950). Se Gall- end _ 
Qa$- rtockr are the re8ult of 8 8ingle mutatian'to (-) in eaah ca8e, 

.o. -_ ̂ _ 
while Gal2- atoeko represent tvo independent mutcrtions to (-) wh;ore 

identity is. based upon the obs~ervation that WJ galaetocre poeiti& 
1 

remmbi&ntcr have been ob,served in more thsn 11,000 prototrophic '- 

reaombinentrr from ero8ue8 between them,and upon the 8ynonymour behavior. 

of the stocks in transduction experime&. These three loci are closely 

linked to one another as indicated by the data in table 2, but the order 

of the 1001 18 not specified. 

In addition, eaoh of these loci is known ( Lederberg,q end 

Lederberg, a 1953 ) to be closely linked to@&, 
3 

latent phase I 

locus of S8. & K-12. ‘bee alleles are known to exist at the Lp locu4f : 
;5 

(I) Lp+# overtly lysogenic m showing evidenoe of free phage in croci C 

brImhe with Lis form8, j and reeistant to lye18 by free lambda phage, I 

(2) ,r&ot overtly lysogenic d . 
. . 

b but~Zesi8taat to lyric by free lambda 
15 

@age, (3) Lp*rnot lYfJOt%e~~ , Ad & 178ed or lysogenired by free 
't 

hago. 



At leart two other loci affect the interaction of lambda with 

& m It-12. and are ecored by rerietanoe. to lambda-2, the lytie 

mutant of lambda. One of thqee 8hows a coinoidence change in maltoee 
4kc* 

ferment&i on. Both mutation8 result in a 10~8 by the cell of,,ability 
either 

to ab lambda or lambda-2 regardleeo of the state at the Lp locus. 
b 
Method8 and media were as detailed in Lederberg, J.(1950). 

Liquid culture8 were ih penasw broth, with or without aeration; solid 

media were ‘4 EMB bare, either with or without added spgar, or I&O 

nutrient agar with 0.5 percent ~431. Ji’ or cFOISe8, a synthetic form of 

li%.B, pMS,was used. 

High titer&d lambda phage lyaatea were prepared by two nethode. 

‘phe first ati most comm~ly used WRB that of Weigle and Delbrkk(l95l) 

in which induction by ultraviolet radiation (UV) is used. The UP was 

administered to penaasay grown cells resuspended in saline at 8 density 

of about 10’ per ml, After irradiation the cell8 were dZluted with double 

strength penassay broth and incubated at 37C 1~1th aeration until maxi.mal 

cleering was obtained. ” Lytio n lambda wa8 prepared by infscting lambda 

sensitive cella with UP-induced lambda; the infected ce)le were resuspended 

in nutriezat saline broth. These mspemeions were then incubated at 37C 

with aeration until maximal clearirg WRS obtained. Lysates prepared by UV 

induction had titer8 in excess of 10 10 per ml., whereas the lysates prepared 

by the other method had slightly lower titers. Unless otherwise specified, 

the lambda used in the following experiment8 WRB obtained by UT induction 

I \ of lysogenic bacteria. 

Croeees were performed by mixing & 8alibe 8uspensione of penas- 

grown cells either before plating on the EMS synthetic medium (usually With ’ 

added galaatose) or directly upon the plates 





be tranaduasd c gave negative 
rmulto (table 3). ‘The tests for tilikduction of the auxotrophio markers 

were perform& Iqy adding lytaate to tails 0x1 inlnimal medium, the tests 

on fermentation marhra on EH3 aediua with t21e agprepriate nugar, * 
u)ds Qdofmt& 

ahe teet for trcendation Of streptcuDycin resirrtzms,by graving the - 

‘6- add&t-m ’ 
a/ .’ 

ciha ctose’negative cultures unable 
._ ,- 

xxgm carbohydrate such as lactose, sylose, 

2 

‘. . . 
to ferment an additional 

and arabinose ( E.'iederberg, 
'. 

unpublished) will give apparent transductions nheh pjated with phage % 

in ihe mtplbek' Of &LhdOee fW!Eentin& ~~&~?fllae -8 observed (tab18 4). 

The nmbez of galactoro ferment&g alonea lr proportional to the 

amtnant of lysats added (figure 1). Since eac$ of these mutations to 

inability to f emant galsctore ie capable of reverse mutation the data 

murt be oorrected, &wwA+mm. This haa been done for the data in 

figWe i b subtrrratlng the number of spontaneeur romtreione aa 

deter&ad from OOAtrOl platingr uith n0 added lyaate. fn addition to 

lndiaating proportfoaaUty, the datu in flgurs 1 indiisate th8t the aellr 

rhov the effect iXTeepeotive Of the Lp gsnotypo Of the cell, and that 



laabclar au~ibite oallr areaore tmpabla of shovSlrg the r#‘fe& of added 

yha& lya8ter of g8larrtote neg8tite ctiltur68 0c6 mb6d With 

the vartoar galaotom nagdive aelXr, reaultu similar to those shown in 

table 4 am obtaimd. With the poa@ib%e srmp$ioa of the interaetioas S, 
.or .“\ and WI4 + eseh of the lyeatrr; ia eqable of evolsiq @aotOrs 

ftirlnent~ng papilla+ upoa g&lb+ @ma4 wrth, la+-~rolo~r negatire 
,: 

8ellr. Yi,& the i&ml lyutas aa+, or4,;inter86t1one (up* arratl6* 8ome- . . . . i . 
timer giqiig d&f+?tm$~ differnatcro b&wren ~a~~.l~, +nd lyeata yM” 

:, : 
plat.8, 4ik+a$Jq~ mt. Thir iilter86tfon *11 be dealt with in more ._. : 
detail in 8 later 86Otion, it till1 be tmff idaat to 6ttLt6 here th8t 

P f- a5c ?'lC 
au& Mxra&ioa d&e not gradixo~ eloneo that are pheimtypioally && 

fj+ OlcJr bei 
The differentistian,,by lyaate inbmbcticm cmrresponde to the 

., . . l.,- .:,.a I- .‘. .* ,“1 I * ,- t ” , 
’ 

% i .+.* ...-3 1 : .:.:. ;:, ; ,.-, :, ,; : ‘,.:;. ‘. pa: ii ,., 

Mimic reversals ah+ld be ab!e to evoke papillae:f~om~cella of the 7 t.., 
,: _ ‘. _ , ,, * .,. .,‘f . 1. < , , .: ’ :. . . :;A!. c,. - -., ,. / i’: . . ! ;” . . 

original mntant.type only in the improbable ev&t.&at t.k.+ are l&ted I’ . . (,. 1 .:.: ., : I ‘. ; a., L * 1 : . . ._ : ._ 4. _ 
,, in the;restr!cted genetic-segme?t,that appeaPs to be capable of genetic ,. . , ‘.a : e 1 _ .,, + L.: I;... i “I c -; . ,. .a. 

of mixing lyeate and calls on the plat;or qppearr to be m in the OEIM 

of lyeogenio eulturee, the variation being leee thaa twa-iold over a 

thouwad-fold 6fUMe in the number of cellr plated. Cell oonaentrrtiOM 



betweeu 5 X lo7 a@ 5 X lOa appear to give detection of lye&l 

8CtiPity. 'Yh6ll th6 a#~ Cell8 4U6 hlbde 86nsftiVe th6 YariatiOn i8 

%ito t0 Fee fold greater Over th6 thousand-fold range of cell va3aee 

from 106 to 109 v with imeP8bg 08sey valaes as the zumber of c6H.a 

.incrBaae8. %um the ratiotof phsge particles to transducing psrticlee 

in a lp!kte ia very large the interaction BQtw66n lpate and rsaaitire 

~6~10 is coarplsx,rrd; * with the great probability that the inactive : 
p&6 P=tiCleS m $Bf2-6 $h6 ~l%@tdOXk t+ the tX%tMdU~~ lpartiO,l68. / - : -0 _ L-. :;IL.*x .-i ; - _---- i- - __-_-_- '.- A--. - 

tie ratio of transductions to phage content of the lysates varies, 

approximating loo7 for lysogenic assay cells, about 10 -6 for sensitive 

cells, that is, about a ten-fold difference in efficiency. 

The necessity: of lambda adsorption for transduction _, -- 

The neceauity for lambda adsorption for transduction is illustrated 

by the results given in table b . When the various galactose negative cultures 

are lambda-2 resistant, a combination which is incapable of adsorbing 

either lambda or ls~nbda~-2, transductions are not obtained. ‘phe ability t* 

transform a galactose ne$ative locus found coupled with lambda-2 resistance 

is demonstrable when a suitable out cross is made and the galactose negative 

lambda-2 sensitive recombinant obtained. Lambda-2 resistance does not 

effect the ability of a lpsogenic culture to give rise to phage and 

transducing particles after UP induction. 



sates prepared by btia growth of the phadb OA 8 remitire aulttm 

edy havi AO tranadnciag sotfvity tmd have Ikt khe 

tivity ixmhded in the atartlag; ;fp phoge iwmlum (table i) 
.n 

With the exception of the Lp locus in the case of lamb& 

sensitive cells, no changes have been observed in any of the other genetic 

characteris$:os of the transformed cells. Many of the galactoee fermenting 

clones produced by transduction are different from the spontaneous reversiona 

in their instabilfty for galactoee fermentation and in some cases for 

lambda reaction. That is, they continue to segregate galactose negative 

clones in the course of many serial isolations. In addition, In the case 

of the transductions with Lpr reaction there Is segr 
Y 

tion for lambda 

sensitivity tith segregation for galactose fermentation. Lyaates from unstabla 

transduction clones also differ from lysatea of galactose reversions: in 

the former the ratio of transductions to plaques is much closer to unitm 

( table 8 1’. 

Lysates of the cultures unstable for geladose fermentation 

when prepared in the manner of the other cultures 



have lower phage titers. The reason for this is not known but the 

production of phage in these lysates is being studied further. With 

the excs#ionfl of transductions formed with wild type lysater, the 

transduction titer of these lpsates is dependent on the genotype of 

the assay culture. 

When portions of these lysates are cross brushed on galactoae 

negative cultures the intersection of the streaks is converted principally 

to galactose positive growth because of the high frequency of transduction 

(HFT). The problem of the HFT lysates will be dealt with in more detail 

in a later eection. 

Incidence B&l~sa&sn&cit~ 2 the,,transductlon clones derived from Le * v 
recipient cells. 

When BB’T lysates are used in traneductions to Lp’ recipient CBUS, 

about 90 percent of the resultant transduction clones are lysogenic (Lp+) 

or Lpr. %ers is some slight evidence for lambda sensitive transductions, 

but these putative transductions have been found stable for galactose 

fermenattion and it has not been possible to distinguish them from 

spontaneous rgtiersions except by their frequency of ocmrence. 



When Lpr cultures’are treated with lysates a small fraction 

(3-5 percent) of the segregants from the resultant’ transductions are 

lysogenic whereas it had not!.been possible t_o lysogenize Lp’ cultures 

with previous methods (Lederberg and LedsTberg, 1953). 

The high incidence of lysogebtcity in the transduction clones 

may be misleading owing to the excess of phage,and it cannot be ascertained 

whether lysogenieation took place before , concomitant with, or after 

transductionA by the BFT phage. In the section on EtFT lysates the r 
4 

1 onship 

between transduction and lysogenization will be shown more clearly. 

The segregants from the transductions with Lp* reaction are 

Lp+, while the segregants from the Lpr transductions are Lps ard Lpr. 

In speaking of the Lpr reaction it shpuld be noted that the 

classification of Lpr is more subject to quantitative considerations than 

the other alleles of Lp. The two cultures (W1924,W1027) derived from sources 1 

other than transduction that showed no plaque forming phage in cross brushes 

with senritive cultures gave plaque forhing phags after induction with 

ultraviolet radiation. The amount Of phage was greatly reduced over t&t 

obtained from Lp+ cultures under similar conditions. These two cultures 

were obtained after separate prooedures, one from an ultraviolet 

irradiated Lp + f%Jl,%ZGS, the other from an Lp* culture treated with lambda 

(E. Lederberg, unpublished). Both were stable as regards their lambda 

reactions. The Lpr clones observed after transductan have not given plaque 
they 

forming phege after U.V. exposure, buti\dlffer from those which have given 

phage)by instability at the Lp 10cus 

Whether the Transductions with Lpr reaction are the results Of 

heterogeneity among the phage particles, the cells, or as the results of a 

sdefective* ------? 



sot of ~sogeairation is not known, but presumably the probla could 

be investigated by statistical .‘means. 

Existencq a transductfona stable far &Lactose f ermentatioq, 

The evidence for the ocourrenee of stable transduations is the 

fncreased number of stable galactoss positive clones found on lysate 

increaab could tion of a chazige in 

seiective condit 
*, f/ndm~ a&H #nocrl~ d fi*m a@e LJJd 
sates ( 560 for j0 minutes ), ~,0pIi 

,.. (-’ h <Lou .- 
##i#s or iflt~ates 6f galaatose positive,lsmb& ,sensitlve culturS8 gave 

no increase in number of papillaenc suggests, that &&ige in selective G&d f 

* conditions is not the case. i / j-&z SbCfr&~p.ystr f=fkPl TIII: y@J*- TPw~*u~o~ - !l?he m~fermenting segreganta from the unstable 

clones can, be classified for ,the negative alleles that 

three separate methods:, (1) by testing the eegregants 

of knbwn galactose negatike cultures, (2) by testing 

negative cultures against Bysates of the segregants, (3) by cresses wi)h 

known galactose negative types. fn c3lassifying the segregants it will . . 

be convenient to f efer to the m parental source of the 

negative allele or alleles by generalized designations. l3y idiotype is 

meant the genotype of the recipient cell parent, by allotype the genotype 

of the donor sonrce of thm transducing lysate. Amphitypic will designate 

cultures whtch at some $0~1 are~idiotypbc andat .others are allotypic. I. * \ 
Unstable.“or- segreg:Jng stocks,‘. as ,wlll appear, are heterogenotes and 

1 
, 

the underljkg state is described as heterogenic to distinguish it from 
. ‘* I 

euploid heterosygosis for )atire’genomes. . . ._ .., ,,.. :. :i.“. /... ‘1‘ 
-;yym For further analysi; it will ultimately be desirabu to 

:h :. f+gp;-:‘ m 
.crops+uot single cell pedigrees. The following observations on 

‘:,I.-- 
c@$F’i. ‘3 

“~~ola~ion~~k,!?due regard to the complexities of eolon&6 f0 ;?i ,; i 



present’ slirhmar ies of the analysis as traasduction reoipients ad as 
.” ‘.‘A ,‘:.& r”il ~,~ -,.: :.i:S.:: ;, ;:‘i ‘.~, .: ,‘~ ., ‘. .:_’ .‘r”.,‘,q,~~‘,,‘, ), -’ .i”;*p~~‘2’~~~,~‘~~: ‘L1-~~‘- ‘~.~~.-- -” , . . I .* P:\;F N”-e -1 .‘A’ :. 

t=w-hMion donors, The. pattern of segreg.ptyn ia the SV~~~OUS traa+ 

.. ..~ .j . . . ,$ ‘.. 
. . ‘, ‘T;C ,;, _. . ,: .-- _ --.,-. - . . ~  %- --. 

-,. ‘7.-; ., ’ 1 I. I , .: .:.....- 

duction experiments can be obtained fromtable 11. Gall- seg&&ts 
. ._ . . . . 

ha& not bbea tested in crossing experiments because no suitable 
for thi B pnrp,,se _, :- L,T !,. .’ ” _,,. . ..I ’ : ‘. ’ ’ 

stock is availabl 
:.%.. : ,;s-:< . . c d. 1 ’ - . - .- _ .*,. . . &&,.: :- J . ,_ ,. ,.’ j _ ;-. .S‘ 






